Vitamin D 3 is hydroxylated in the liver to 25(OH)D 3 , which again binds to VDBP and re-enters the circulation. Circulating 25(OH)D 3 is regarded as the primary storage form of vitamin D 3 and is used to assess vitamin D 3 status (Gillespie, Frye, Stockham, & Fredeking, 2000; Holick, 1990) . 25(OH)D 3 is metabolized by renal cells to the active endocrine hormone, 1,25(OH) 2 D 3, which is a vital regulator of calcium and phosphorus homeostasis. In humans, and possibly other vertebrates, 25(OH)D 3 is also taken into the cells of many other organs possessing vitamin D 3 receptors, including the immune system, where intracellular conversion to 1,25(OH) 2 D 3 takes place (Hossein-nezhad & Holick, 2013) . Within the cells, 1,25(OH) 2 D 3 has paracrine and autocrine functions (Björn, 2008) .
Vitamin D 3 is utilized by almost all vertebrate species studied (Björn, 2008) , and the formation of vitamin D 3 via 7-DHC photoconversion is an ancient process which has been conserved through evolution. Most vertebrates are able to utilize pre-formed vitamin D 3 from the diet, which has enabled many species of reptiles to be maintained in captivity without UVb lighting but with dietary supplementation of vitamin D 3 . The first successful use of a fluorescent tube emitting UVb for reptile vitamin D 3 synthesis was described by Laszlo (1969) .
Since then, cutaneous synthesis of vitamin D 3 under artificial UVb radiation has been demonstrated in several diurnal reptile species (Acierno, Mitchell, Roundtree, & Zachariah, 2006; Allen, Oftedal, & Horst, 1995; Bernard, Allen, & Ullrey, 1997; Ferguson et al., 2003 Ferguson et al., , 2009 Gillespie et al., 2000; Hibma, 2004; Hoby et al., 2010; Kroenlein, Zimmerman, Saunders, & Holladay, 2011; Oonincx, Stevens, van den Borne, van Leeuwen, & Hendriks, 2010; Selleri & Di Girolamo, 2012) , but also in crepuscular and nocturnal species (Acierno et al., 2008; Carman, Ferguson, Gehrmann, Chen, & Holick, 2000; Wangen, Kirchenbaum, & Mitchell, 2013) . Most of these studies did not describe the UVb intensity and spectral distribution received by the subjects. The spectral power distribution of the light source determines the resulting photoproducts (MacLaughlin, Anderson, & Holick, 1982) .
The phosphor blend and transmission qualities of the outer glass tube from a UVb-emitting fluorescent lamp determine its spectral power distribution and hence its vitamin D 3 forming potential. Moreover, animal species are likely to have different optimal UVb exposure levels as a result of differing microhabitats and basking behaviours (Ferguson et al., 2005) , and could also differ in their ability to utilize dietary vitamin D 3 . These differences and the lack of reference values for plasma 25(OH)D 3 concentrations in free-living specimens of most species make it difficult to determine "adequate" UVb exposure levels for captive reptiles. Reference values are necessary to determine the success of any supplementation regime, whether by dietary means or via provision of UVb. Vitamin D metabolite concentrations of free-living reptiles have been reported only for Komodo dragons (Gillespie et al., 2000) , Chuckwalla, Sauromalus obesus (Aucone, Gehrmann, Ferguson, Chen, & Holick, 2003) , Ricord's iguanas, Cyclura ricordii and rhinoceros iguanas, Cyclura cornuta cornuta (Ramer et al., 2005) .
This study evaluates the effect of long-term exposure to five UVb compact lamps, marketed for use with reptiles, on 25(OH)D 3 plasma concentrations in bearded dragons. We hypothesize that the spectral power distribution of these lamps determines the vitamin D status of the exposed bearded dragons. Furthermore, to evaluate these plasma 25(OH)D 3 levels, blood samples were obtained from wild, free-living bearded dragons in Australia and analysed for 25(OH)D 3 .
| MATERIALS AND METHODS

| Treatments and animals
This study was approved by the Committee for the Care and Use of Animals, Wageningen University, Wageningen, the Netherlands.
The study consisted of six treatments in a parallel design: five types of commercial UVb compact fluorescent lamps and one control lamp which did not emit UVb radiation. A total of 42 animals (19 males and 23 females) from two clutches of newly hatched bearded dragons (P. vitticeps) originating from a single pair were obtained from a private breeder. Starting from the day of hatching, snout vent length (SVL) and total length (TL) were measured and body mass (BM) was determined using a precision balance (type HF-2000G, A&D Company Ltd, Tokyo, Japan) on a weekly basis.
Bearded dragons were assigned to one of six terraria within 24 h of hatching. To reduce age differences, the 1st to the 7th animals hatched were allocated to the first terrarium, the 8th to the 14th to the second terrarium, and so on, until all terraria contained seven animals.
| Housing and measurements
Each terrarium measured 124 × 50 × 40 cm (L × W × H) and contained a 60-Watt reflector lamp (Philips lamp NR80; Philips Eindhoven, the Netherlands), which provided heat between 08:00 and 22:00 daily, and a compact fluorescent lamp. One control compact fluorescent lamp without UVb output and five compact fluorescent lamps sold for use with "desert" reptiles were used in this study (Table 1) . Before the start of the study, the lamps were used for 100 h to stabilize UVb output. Once the first animal had been allocated to a terrarium, the compact fluorescent lamps were on between 12:00 and 14:00 daily using a timer. 
| Diet and feeding
Bearded dragons were provided ad libitum with house crickets (Acheta domesticus), desert locusts (Schistocerca gregaria), migratory locusts (Locusta migratoria) and yellow mealworms (Tenebrio molitor) of appropriate size to their body mass throughout the study. All insects were purchased from a commercial supplier (Star Food BV, Barneveld, the Netherlands) and dusted with calcium carbonate powder prior to being offered. Feed intake per dietary constituent was determined daily per terrarium and calculated by subtracting the weight of the refusals from the weight offered the day before. At the end of the study, average total feed intake was calculated per dietary constituent.
| Blood samples from free-living bearded dragons
A permit for scientific research was acquired at the NSW Department (Oonincx, van Leeuwen, Hendriks, & van der Poel, 2015) . Gender was determined by visual inspection. Thirteen adults (four females and nine males) and one subadult male were sampled as described above. These blood samples were centrifuged in local hospitals within 12 hr and stored in a mobile freezer (Engel Fridge, Engel, Australia), before being shipped on dry ice to Wageningen University, Wageningen, the Netherlands. At the time and place of each capture, solar UVb readings were taken using the Solarmeter model 6.2 UVB meter.
| Laboratory analyses
Blood samples of the bearded dragons in the UVb lamp experiment were analysed for plasma 25(OH)D 3 concentrations at the Endocrine Laboratory of the VU University Medical Center (Amsterdam, the Netherlands) by ID-XLC-MS/MS as described by Heijboer, Blankenstein, Kema, and Buijs (2012) with modifications to optimize the method for bearded dragons as described in Oonincx et al. (2013) .
To conduct a statistical analysis, samples below the detection limit 
| Lamp assessment
At the end of the trial, the fluorescent lamps used in the trial were mounted on a test bench, and after a standard 30-min warm-up time 
| Statistical analyses
Individual lizards were considered as experimental units; the interdependence of individual lizards within a terrarium was assumed to be negligible, but could not be evaluated due to the experimental design.
To test whether animals came from a homogenous population, hatching BM, SVL and TL were subjected to an analysis of variance with treatment, gender and the interaction between treatment and gender as factors. An analysis of variance with treatment, gender and their interaction as factors was also conducted on the increase of BM, SVL and TL after ~4 months. Significance of differences (p < .05) in average daily feed intake, UV Index (UVI), UVb and temperature between treatments was tested by a one-way ANOVA followed by a LSD post hoc. Ca, P, UA and 25(OH)D 3 concentrations were analysed by means of a nonparametric analysis of variance (Kruskal-Wallis test) followed by a Mann-Whitney U test corrected for multiple comparisons.
Statistical analyses were conducted using IBM SPSS Statistics 20 (IBM Corporation, Armonk, NY, USA).
| RESULTS
| Animals and Housing
Nine animals did not complete the study; in each of the UVb-exposed groups, one animal was removed because of size differences with its terrarium mates. Five of these were removed between twelve and fifteen weeks after the start of the experiment. One animal from the ZooMed group was removed at 4 weeks of age and euthanized because of severe injuries caused by terrarium mates. In the control group, three animals (one at 2 weeks, the other two at 21 weeks were lower in the control group than in the other groups (Figure 2 ).
Gender did not influence these parameters. Mean temperatures were similar over treatments during the study period; however, they differed between locations: directly under the heat lamp (T1)
52.2 ± 1.7°C, on the right side (T2) 33.5 ± 1.4°C and on the left side (T3) 29.8 ± 1.4°C.
| Ultraviolet b radiation
Intensity of UVb radiation for the five treatment lamps was measured at different distances ( Table 2 ). The Arcadia lamp produced the highest UVb irradiance and UVI at all locations; the ExoTerra lamp had the lowest UVb irradiance. The UVb irradiance of all treatment lamps decreased during the experiment (Figure 3 ). The largest decrease was apparent for the Trixie lamp (27%), whereas the Arcadia lamp had the lowest decrease (10%).
The UVb intensity was also determined for the free-living bearded dragons. Readings were taken where the bearded dragons were found in the field as soon as the animal was caught (Figure 4 ).
The presented data include measurements in both sun and shade.
Animals were frequently found basking on sunny days, including during the heat of the day. The maximum solar UVb irradiance recorded at the location of one of the basking dragons was 506 μW/ 
| Blood plasma concentrations
None of the animals in the control group had detectable levels of 25(OH)D 3 , whereas in the Arcadia group, all animals had levels above the detection limit of 4 nmol/L ( 
Basking species typically do not remain fully exposed for long periods (Ferguson, Gehrmann, Brinker, & Kroh, 2014 Ferguson et al., 2010) . Nevertheless, UVb was available to the free-living bearded dragons throughout their entire day.
The spectral power distribution of the UVb source is also a very important factor affecting cutaneous vitamin D 3 synthesis and resulting
25(OH)D 3 concentrations (MacLaughlin et al., 1982). Short-wavelength
UVb has a higher vitamin D 3 synthesizing potential per microwatt compared to longer wavelengths, with an optimum calculated to be at 298 mm under natural circumstances. Longer wavelengths up to 320 nm also enable conversion from 7-DHC to pre-vitamin D 3 to take place, although the longer the wavelength, the higher the irradiance required to produce the same result (Bernhard et al., 1997) .
The spectral power distribution (SPD) of natural sunlight, with a threshold between 290 nm and 295 nm, ( Figure 5 ) is such that although 298 nm is the most efficient wavelength for vitamin D 3 synthesis, far greater irradiance is produced by longer wavelengths. As a result, the most effective wavelength for pre-vitamin D 3 formation from sunlight at solar altitude 60° is 308 nm (Figure 6 ).
The relative SPD of all the lamps in the current trial is similar to that of natural sunlight so the UVb dose would appear to be the main determining factor for the comparative differences in vitamin D status between the groups in this trial and sunlight. However, the SPD of (Bernard, 1995) . More studies are needed to determine whether certain spectra can lead to overproduction of vitamin D 3 . However, lamps emitting a high proportion of their UVb output in these shorter wavelengths have proven harmful to reptiles, causing eye and skin damage and death, and must be regarded as hazardous (Hibma, 2004; Gardiner, Baines, & Pandher, 2009; Baines 2010) . between different methods of analyses, but also between different laboratories using the same assays (Binkley et al., 2004; Roth, SchmidtGayk, Weber, & Niederau, 2008) . We conducted a small study (n = 20) to compare our two 25(OH)D 3 assay methods, using bearded dragon plasma from Oonincx et al. (2013) . We found a significant correlation between the two methods (p = .006; Pearson R = .60), indicating that results from both methods can be qualitatively compared. However, more work is needed to quantify potential differences between samples analysed via the binding assay and the ID-XLC-MS/MS method.
Calcium levels were higher, and P levels were lower in the Arcadia group compared to the control group. Furthermore, the Ca:P ratio tended to be higher in the Arcadia treatment compared to the control (p = .067). In fact, the Ca concentration was only lower than the P concentration in the control group. In that group, three animals showed clinical symptoms of vitamin D deficiency, whereas these were not ob- UVb lamp, as used in one of the treatments, for two hours daily during a period of 3 weeks. During the first 4 days, these two bearded dragons basked actively underneath the UVb lamp; they flattened their T A B L E 3 Concentration of 25(OH)D 3 in plasma, calcium (Ca), phosphorus (P) and uric acid (UA) in whole blood of bearded dragons (Pogona vitticeps) exposed to either a control or a UVb compact lamp during their first 120 days of age (mean ± standard deviation) Different superscript letters within rows represent significant differences between treatments.
bodies and positioned themselves perpendicular to the lamp, thereby maximizing the exposed body surface. Oonincx et al. (2010) described reduced growth in unexposed bearded dragons compared to exposed animals. However, in that study, this was only apparent in female bearded dragons.
Uric acid concentrations in the bearded dragons in the Arcadia group were higher than in the ExoTerra group (p = .012) and tended to be higher than the control and ZooMed group (p = .075, for both).
Although high uric acid concentrations have been linked with renal insufficiency (Divers & Mader, 2005) , the levels found in this study This indicates that the spectral power distribution plays a key role in vitamin D synthesis, warranting further investigation.
